Interleukin-6 (IL-6) is a multifunctional cytokine involved in autoimmune thyroid diseases such as Hashimoto's thyroiditis and Graves' disease. IL-6 is produced by infiltrating immune cells and by thyrocytes. In the latter cell type, secretion of IL-6 is stimulated notably by interleukin-1 (IL-1), thyroid-stimulating hormone (TSH) or forskolin (Fk), a cAMP elevating agent. We report here that Fk and IL-1 synergistically enhance IL-6 mRNA expression in FRTL-5 thyroid cells by mechanisms involving the cAMP/PKA pathway, and both stabilization of the IL-6 mRNA and activation of the IL-6 promoter. Point mutations or deletions of the main transcription factor binding sites in the IL-6 promoter indicated that the synergistic effect was mainly mediated by the AP-1 site, and that the CRE site contributed to this effect. The DNA binding activity of AP-1 transcription factors and the expression of c-Fos and Fra-2 proteins, were all enhanced when the cAMP and IL-1 signalling pathways were both stimulated. These findings contribute to elucidating the synergistic mechanisms that regulate IL-6 secretion by thyroid cells, and suggest that such mechanisms may be involved in the development of thyroid autoimmune disorders.
Introduction
The thyroid gland is one of the organs at the center of autoimmune disorders. In both Hashimoto's thyroiditis and Graves' disease, pro-inflammatory cytokine production is elevated. These cytokines are released by lymphocytes, macrophages, and dendritic cells infiltrating the thyroid gland (Weetman and McGregor, 1994) , but also by the thyrocytes themselves. Several cytokines, such as interleukin 1  (IL-1), interleukin 6 (IL-6), tumour necrosis factor  (TNF), and transforming growth factor  are produced in vitro by both nontransformed and transformed thyrocytes (Grubeck-Loebenstein et al., 1989 ; Aust and Scherbaum, 1996) , suggesting that these cytokines may act as regulators of thyroid functions. Several studies have shown that some cytokines induce the secretion of other cytokines by thyrocytes.
Thus, IL-6 production is up-regulated by IL-1 and by TNFin the FRTL-5 rat thyroid cell line and in human thyrocytesWeetman Iwamoto et al., 1991; Diamant et al., 1991)    The function of the thyroid gland is under the hormonal control of thyroidstimulating hormone (TSH), which also up-regulates thyrocyte differentiation and proliferation. cAMP mediates most of the effects of TSH, as a result of the coupling of the TSH receptor to the Gs protein, and the subsequent activation of adenylyl cyclase. It is well known that patients with Hashimoto's thyroiditis frequently develop hypothyroidism, and have increased serum levels of TSH, and that those with Graves' disease produce thyroid-stimulating antibodies (TSAb) that activate the TSH receptor and mimic the action of the hormone. However, the role of TSH in autoimmune thyroid diseases remains unclear. Activating the TSH receptor may promote the onset of these diseases by facilitating autoimmune activation. Thus, TSH stimulates the expression of thyroid peroxidase and of thyroglobulin, which are both important thyroid autoantigens. TSH, alone or in combination with interferon , induces MHC class II expression in cultured human thyrocytes from patients with autoimmune thyroid disease (Todd et al., 1987) . Moreover, Iwamoto et al. (1991) have reported that TSH synergistically enhances IL-6 production by FRTL-5 cells stimulated by IL-1. This effect has also been obtained using forskolin (Fk), a direct activator of adenylyl cyclase (Kennedy et al., 1992) .
A c c e p t e d M a n u s c r i p t It has been suggested that IL-6, which is a multifunctional cytokine, may be involved in the pathogenesis of autoimmune diseases . stimulates the proliferation of T cells and the production of antibodies by B cells (Kishimoto 2006) , and appears to be involved in the recruitment of dendritic cells in the thyroid of rats developing autoimmune thyroid disease (Simons et al., 1998a) .
The production of large amounts of IL-6 in disease states may also be involved in mediating the release of suppression of self-reactive T cells, resulting in autoimmune disease (Pasare and Medzhitov, 2003) . It has also been reported that IL-6 could be a mediator in the inhibition by dentritic cells of thyrocyte growth (Simons et al., 1998b) .
Both post-transcriptional and transcriptional regulation appear to be involved in IL-6 gene expression (Vanden Berghe et al., 1998) . IL-6 mRNA stability is modulated by stimuli that activate the p38 MAP kinase pathway, and this effect is mediated via AU-rich elements (AREs) localized in the 3'-untranslated region (UTR) of IL-6 mRNA (Miyazawa et al., 1998; Winzen et al., 1999; Neininger et al., 2002) . The murine and human 400-bp 5'-flanking region of the IL-6 gene is highly conserved (Tanabe et al., 1988) , and contains a number of cis-acting elements, which have been demonstrated to be required for gene induction by a variety of stimuli, and for tissue-specific transcriptional regulation (Vanden Berghe, 2000) . Response elements for at least four different classes of transcription factors have been identified in this regulatory region: activator protein-1 (AP-1) (Tanabe et al., 1988) , cAMP response elementbinding protein (CREB) (Dendorfer et al., 1994) , CCAAT/enhancer binding protein (C/EBP) also known as NF-IL-6 , and nuclear factor-B (NFB) (Libermann and Baltimore, 1990) . The NFB binding site has been reported to be essential for the response of the IL-6 promoter to IL-1 and to TNF (Libermann and Baltimore, 1990) .
In thyroid FRTL-5 cells, the presence of TSH is crucial for the action of TNF on NFB activation (Kikumori et al., 2001) . However, little, if any, information is available about the molecular mechanisms that lead to the synergistic effects of TSH and cAMP on IL-6 secretion stimulated by IL-1. The present study was carried out using FRTL-5 thyroid cells, which retain most of the features of differentiated follicular thyroid cells, and are suitable for performing reporter gene assays. We found that activating the cAMP pathway has a synergistic effect on IL-1-stimulated IL-6 mRNA expression by inducing both the stabilization of IL-6 mRNA, and the activation of the Page 5 of 35 A c c e p t e d M a n u s c r i p t 5 IL-6 promoter. This synergistic effect mainly involves the AP-1 binding site, and an increase in the expression of the c-Fos and Fra-2 transcription factors.
Materials and methods

Hormones and reagents
IL-1was obtained from AbCys (Paris, France). TSH, insulin, transferrin and actinomycin D were obtained from Sigma-Aldrich (Saint-Quentin-Fallavier, France).
Forskolin (Fk) and dideoxyforskolin (ddFk) were purchased from Calbiochem EMD Biosciences Inc. (Darmstadt, Germany). 8-CPT-2-O-Me-cAMP (CPT-OMe-cAMP) and 8-CPT-cAMP (CPT-cAMP) were from Biolog (Bremen, Germany), the PKA inhibitor H89 (N-[2-bromocinnamylamino)ethyl]-5-isoquinoline sulfonamide) was from Biomol (Plymouth Meeting, PA). Coon's F12 was from Biochrom AG (Berlin, Germany), and newborn calf serum was from Biowest (Nuaillé, France).
Oligonucleotides were from MWG-Biotech (Ebersberg, Germany). pCMV.SPORT-Galactosidase was from Invitrogen (Cergy-Pontoise, France).
Cell culture
The FRTL-5 rat thyroid cell line was a gift from Dr. M. Eggo (Birmingham, UK).
Cells were grown to confluence in standard medium composed of Coon's F12 supplemented with 5% heat-inactivated newborn calf serum, 0.5 mU/ml bovine TSH, 10 µg/ml insulin and 5 µg/ml transferrin, 2 mM GlutaMAX in a 37 °C, 5% CO2 incubator. 48 h before stimulation, cells were incubated in Coon's F12 without serum and hormones (deprivation medium).
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Analysis of IL-6 secretion
After stimulating confluent FRTL-5 cells, the medium (2ml) was collected as a function of time, centrifuged (20,000 x g, 5 min, 4 °C) to remove debris, and aliquots were stored at -80°C until analyzed. IL-6 secretion was quantified using a commercially available enzyme-linked immunoassay from Endogen (Rockford, IL).
RNA analysis
Total RNA from confluent FRTL-5 cells was extracted using the RNAble kit (Eurobio, Les Ulis, France) according to the manufacturer's protocol, and analyzed by Northern blot. The rat IL-6 cDNA probe was isolated by RT-PCR using the following primers: sense (5'-CTCTCCGCAAGAGACTTCCA) and antisense (5'-TGGTCTTCTGGAGTTCCGTT). Blots were stained with methylene blue, and hybridized with the probes labelled by random priming extension using the Megaprime labelling kit (Amersham GE Healthcare, Orsay, France) and [ 32 P] deoxy-CTP (3000 Ci/mmol) (Perkin-Elmer, Cambridge, UK), as previously described (Pomérance et al., 2003) . Membranes were analyzed by quantitative autoradiography using an Instant Imager (Packard Instruments SA, Rungis, France). The IL-6 mRNA levels were normalized by corresponding methylene-blue-stained 18S rRNA, or by stripping the membranes and reprobing with a rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA 32 P-labelled probe.
Plasmids
Luciferase reporter plasmids driven by the wild-type human IL-6 promoter (p1168), the CRE-mutated IL-6 promoter (p1168-mCRE) and the C/EBP-mutated IL-6 promoter (p1168-mC/EBP) were obtained from Pr. G Haegeman, Ghent, Belgium (Vanden Berghe et al., 1998) . NFB-mutated IL-6 promoter luciferase reporter plasmid (p1168-mNFB) was a gift from Dr. J. Pierre (Châtenay-Malabry, France). The wild type IL-6 promoter was deleted of the AP-1 binding site (p1168-AP-1) using a QuickChange Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA) according the manufacturer protocol using the following primers: sense (5'- 
Transient transfection and luciferase assays
One day before being transfected, FRTL-5 cells were seeded in 6-well plates and cultured until they reached 70% confluence. 800 ng of p1168, p1168-AP-1, p1168-mNFB, p1168-mC/EBP, p(AP-1) 6 , p(NFB) 6 , or p(CRE) 4 were cotransfected with 200 ng of pREP4--GAL. Transient transfections were performed in triplicate in standard medium using FuGENE 6 (Roche Applied Science, Meylan, France)
according to the manufacturer's protocol. After incubating for 24 hours, cells were cultured in deprivation medium for a further 24h-period. Cells were treated with Fk, TSH, IL-1, or vehicle (0.1 % DMSO) for 7 hours. Luciferase activities were measured using a luciferase assay kit (Roche). Luciferase activities obtained for a given treatment were normalized for -galactosidase activities using a -galactosidase gene kit (Roche), in order to correct for difference in transfection efficiencies. A synergy index (SI) was defined as the ratio of the relative luciferase activities induced by IL-1 (minus control value) measured in the presence and absence of Fk. A synergy index of 1 indicated that there was no synergy.
Cell extracts and western blot analysis
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Electrophoretic mobility shift analysis (EMSA)
EMSAs were carried out using double-stranded oligonucleotides corresponding to the consensus sequence for AP-1 binding site (sense: 5'-AAAGTGCTGAGTCACTAATAA, antisense: 5'-TTATTAGTGACTCAGCACTTT) or for CRE binding site (sense: 5'-GCTAAAGGACGTCACCTTAAT, antisense: 5'-ATTAAGGTGACGTCCTTTAGC A c c e p t e d M a n u s c r i p t 9 specificity of binding was determined by adding a 200-fold excess of unlabelled oligonucleotides. DNA-protein complexes were analyzed on nondenaturing 6%polyacrylamide gels (Invitrogen) run for 2 hours at 150V in a cold room. In the supershift experiments, nuclear extracts were preincubated at room temperature for 60 min with 1 µg antibodies or non-immune IgG as a control. The gels were fixed, and dried, and then 32 P incorporation was revealed and quantified using an Instant Imager (Packard).
Statistical analysis
Results are given as means ± SEM. Paired Student's t-test was used to compare different treatments. P values less than 0.05 were considered significant.
The number of culture replicates in a given experiment, and that of independent experiments performed are indicated in the figure legends.
Results
IL-6 secretion and gene expression are synergistically induced by IL-1 and Fk in FRTL-5 thyroid cells
The secretion of IL-6 by FRTL-5 thyroid cells was measured in the culture medium after stimulating by either IL-1 or Fk, a direct activator of adenylyl cyclase, or both. Treating the cells with Fk alone was almost without effect on IL-6 secretion ( Fig.   1 ) whereas IL-1 stimulation induced slow secretion of IL-6. In contrast, when added together, Fk and IL-1 induced a rapid synergistic increase in IL-6 secretion. The maximum IL-6 secretion rate was observed between the 2 nd and 5 th hours following stimulation. The amount of IL-6 secreted reached a plateau after 15 h (≈ 15 ng IL-6 secreted by 2 x 10 6 cells), at which time the cells had produced 6 times more IL-6 than when stimulated by IL-1 alone. At this time, TSH (1 mU/ml) also synergistically increased IL-1-induced IL-6 production (≈ 15 ng / 2 x 10 6 cells, results not shown).
However, TSH alone increased IL-6 production (2.4 ng / 2 x 10 6 cells) whereas the effect of Fk was below the detection limit.
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To determine whether the synergistic effect of Fk on IL-1-stimulated IL-6 secretion was due to changes in the level of IL-6 mRNA, Northern blot analysis were carried out on FRTL-5 cell RNA using IL-6 and GAPDH radiolabelled cDNA probes.
Two IL-6 mRNAs of 1.2 and 2.4 kb were detected in cells stimulated with either Fk or IL-1 alone, or in combination ( Fig. 2A) . The two transcripts were induced by the different stimulations following a similar pattern. The quantification of the 1.2-and 2.4-kb forms of IL-6 mRNA, relative to GAPDH mRNA, is shown in figures 2B and 2C, respectively. The amounts of the two IL-6 mRNAs increased sharply after 1h of treatment by IL-1 plus Fk, compared to treatment with IL-1 alone (mean value ≈ 3.2fold) or Fk alone (mean value ≈ 4.5-fold). The maximum synergistic effect was obtained after stimulating with IL-1 plus Fk for 2 h, by which time the mRNA levels measured in the presence of IL-1 alone had almost returned to the basal level. Then, the increase produced by the combination of IL-1 plus Fk was more than 10-fold greater than that produced by IL-1 alone. The 1.2-kb mRNA species was then 4 times more abundant than the 2.4-kb form. Thereafter, the amounts of both mRNA forms declined.
The cAMP/PKA pathway is involved in the synergistic effect of Fk on IL-1stimulated IL-6 mRNA expression
To find out whether the synergistic effect of Fk on IL-1-stimulated IL-6 mRNA expression involved the cAMP pathway, FRTL-5 cells were treated with IL-1 either alone or in combination with Fk, dideoxyforskolin (ddFK), a structural analog of Fk that does not activate adenylyl cyclase, or CPT-cAMP, a cell-permeable analogue of cAMP. Northern blot analysis (Fig. 3A) showed that, in contrast to Fk, ddFk had no effect on IL-1-stimulated IL-6 mRNA expression, whereas CPT-cAMP exerted a synergistic effect similar to that of Fk.
Since cAMP produces many of its biological effects by activating PKA, cells were preincubated with H89, a compound that blocks the ATP binding site of PKA, before stimulation by IL-1 plus Fk. Figure 3B shows that H89 decreased the IL-1/Fkinduced IL-6 mRNA expression by ≈ 50%. To confirm the impact of H89 on PKA activity, cell extracts were analyzed by Western blot using an antibody specifically directed against a PKA-phosphorylated motif. Figure 3C shows that H89 partially inhibited the PKA activity enhanced by the treatment with IL-1 plus Fk. We also A c c e p t e d M a n u s c r i p t 11 checked that IL-1 had no effect on the cAMP/PKA pathway (result not shown). We investigated whether the exchange factor EPAC, which is known to be directly activated by cAMP, could be implicated in the synergistic effect of cAMP. Northern blot analysis shown in Figure 3D indicated that CPT-OMe-cAMP, a specific activator of EPAC but not of PKA, had no effect by itself on IL-6 mRNA expression, and in contrast to CPT-cAMP did not increase the effect of IL-1.
cAMP induces stabilization of IL-6 mRNA in FRTL-5 cells
To find out whether the synergistic effect of Fk on IL-1-stimulated IL-6 mRNA expression resulted from an alteration in IL-6 mRNA stability, we performed an mRNA stability assay by Northern blot analysis. FRTL-5 cells were stimulated with Fk plus IL-1 for 90 min to induce IL-6 mRNA. Actinomycin D, an inhibitor of overall gene transcription, was then added in the absence or presence of Fk or IL-1, alone or in combination, and mRNA levels were measured as a function of time. We hypothesized that the synergistic effect of Fk on IL-1 at the transcriptional level might require the activation of PKA, as suggested by its involvement in the regulation of IL-6 mRNA levels. To test this possibility, we preincubated p1168transfected cells with H89, and then stimulated them by Fk or IL-1, separately or in combination. Figure 5B shows that treatment with H89 reduced the synergistic effect of Fk on IL-1-induced IL-6 promoter activity by ≈ 65%. Taken together, these data indicate that synergistic cooperation occurs between the cAMP/PKA and IL-1 signalling pathways to up-regulate IL-6 promoter activity in FRTL-5 thyroid cells.
The AP-1 and CRE response element mediated the synergistic effect of cAMP on IL-1 stimulated IL-6 promoter activity
Since it has been reported that IL-1 exerts its effects on IL-6 promoter mainly by inducing the activation of AP-1, CRE, C/EBP and NF-B, we searched for the cisregulatory sequences that could be responsible for the synergistic effect of Fk by IL-1. FRTL-5 cells were transiently transfected with the p1168 plasmid either wildtype, or deleted of the AP-1 binding site (p1168-AP1), or point-mutated in CRE (p1168-mCRE), C/EBP (p1168-mC/EBP) and NF-B (p1168-mNFB) binding sites.
Cells were then treated with IL-1 or IL-1 plus Fk. Figure 6A shows that deleting the AP-1 site reduced the response to IL-1, and that the synergy index (SI), as defined in the "Materials and Methods" section, was reduced from 3.1 to 1.3. Inactivation of the CRE site also resulted in a marked decrease in the SI (1.5), whereas mutation of the C/EBP binding site had a weaker effect. Mutation of the NF-B binding site considerably diminished the response to IL-1, whereas the synergistic effect of Fk appeared to be conserved.
To confirm the role of the AP-1 and CRE sites in the Fk/IL-1 synergistic effect, synthetic reporter gene constructs were transfected. Figure 6B shows that IL-1 strongly activated the p(NFB) 6 construct, but that the synergistic effect of Fk was A c c e p t e d M a n u s c r i p t 13 low. Conversely, IL-1 weakly activated the p(AP1) 6 construct, and the synergistic effect of Fk (SI = 4.2) was similar to that obtained with the p1168-IL6 construct. Using the p(CRE) 4 construct, the synergy index reached ≈ 2. Taken together, these findings indicate that the AP-1 binding site was essential to mediate the enhancement by Fk of the IL-1-induced IL-6 promoter activity, but that the CRE could also be involved in this effect.
To investigate the synergy mechanisms, nuclear extracts obtained from FRTL-5 cells, either untreated or treated with Fk, IL-1, or Fk/IL-1, were incubated with a 32 P-radiolabelled oligonucleotide containing the AP-1 and CRE sequences of the rat IL-6 promoter. Figure 7A shows a typical autoradiogram obtained from gel shift assays. Binding of the AP-1 radiolabelled probe to nuclear proteins was not altered by Fk, whereas it was increased by IL-1 and more enhanced by both IL-1 and Fk. An excess of unlabelled oligonucleotide prevented the binding of the radiolabelled probe to nuclear proteins, indicating that the binding mechanism was saturable, whereas non-specific binding was not affected. The saturable binding, quantified in five independent experiments, was increased 1.9-fold ± 0.3 by IL-1 and 2.7-fold ± 0.4 by IL-1 plus FK, corresponding to a significant (P<0.05, paired Student's t-test) enhancement relative to IL-1 alone. Incubation of nuclear extracts with the CRE oligonucleotide resulted in the formation of a complex, the intensity of which did not change as a function of the treatments to which the cells were exposed ( Figure 7B ).
No increase was found using radiolabelled probes containing the C/EBP and NF-B binding sites (not shown). Competition analysis with unlabelled oligonucleotide demonstrated the specificity of the binding.
Antibodies to the Jun family of transcription factors (c-Jun, JunB, JunD) decreased the binding of the AP-1 probe to nuclear proteins from IL-1-and IL-1/Fktreated cells, and supershifted the bound probe (Fig. 7C) . Antibodies against the Fos family of transcription factors decreased strongly the binding of the AP-1 probe to nuclear proteins in IL-1-and IL-1/Fk treated cells. A strong supershift was induced using antibodies against FosB. In contrast, antibodies against Fra-1 was without effect (Fig. 7C) .
cAMP increases expression of c-Fos and Fra-2 transcription factors stimulated
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The results described above indicate that the binding of the AP-1 oligonucleotide probe to the AP-1 family of transcription factors was synergically enhanced by Fk and IL-1. We therefore used Western blotting to investigate the expression and phosphorylation of these factors in nuclear extracts of FRTL-5 cells in response to Fk and IL-1, alone or in combination. Figure 8A shows that treatment with IL-1 plus Fk produced a markedly greater expression of c-Fos and Fra-2 than treatment with IL-1 alone. In contrast, FosB and Fra-1 were not induced by Fk and/or IL-1. Among the Jun family members, the expression of JunD expression was unaffected by the treatments. c-Jun and JunB was markedly induced by IL-1, but Fk had no effect. To investigate the possible role of Jun activation, we performed
Western blot analysis using antibodies raised against c-Jun phosphorylated on Ser63 or Ser73. The latter antibody also recognizes JunD phosphorylated on Ser100. IL-1 increased phosphorylated c-Jun in parallel with total c-jun, so that the ratio of phosphorylated to total protein may not be changed. In contrast, IL-1 induced phosphorylation of JunD (Ser100). None of these effects were enhanced by Fk ( Fig. 8A ).
Since we observed that mutation of the CRE site in the IL-6 promoter reduced the synergistic effect of Fk, we studied the expression of CREB and ATF-1 in response to Fk and IL-1, alone or in combination. No change in CREB or ATF-1 expression was observed (Fig. 8B ). Phosphorylation of CREB at Ser133, and of ATF-1 at Ser63, is generally accepted as being a key event in the regulation of transcription. Figure 8B shows that phosphorylations of CREB and ATF-1 were induced by Fk and IL-1. However, their combination did not trigger significant synergy.
Discussion
In this report, we describe the synergistic effect exerted by cAMP-elevating agents on IL-1-induced secretion and gene expression of IL-6 in FRTL-5 thyroid cells, and we identify some mechanisms involved in this effect. It has been reported that IL-1 enhances IL-6 production in human and in FRTL-5 thyroid cells (Diamant et al., 1991) , and that IL-1 and TSH act synergistically to induce IL-6 production in FRTL-5
Page 15 of 35 A c c e p t e d M a n u s c r i p t 15 cells (Iwamoto et al., 1991) . However, these studies did not address the question of whether the changes in IL-6 expression occurred at the transcriptional or posttranscriptional level, nor what molecular mechanisms were involved in the synergistic effect of IL-1 and TSH. In the present work, we report that Fk, which mimics the action of TSH on cAMP production, also greatly enhanced the secretion of IL-6 induced by IL-1, whereas it had almost no effect by itself. However, TSH alone moderately induced IL-6 expression. This may be due to contaminants that are present in TSH preparations and that activate ERK signalling pathways in a TSH receptor-independent manner, as has previously been reported (Corrèze et al., 2000) . The amount of IL-6 secreted in response to the combined stimulation by IL-1
and Fk was of the same order of magnitude as that reported using cultured human thyrocytes obtained from patients with Graves' disease (Weetman et al., 1990) .
Enhanced IL-6 secretion was probably related to an increase in IL-6 mRNA levels. We show that Fk and IL-1 did indeed act synergistically to increase the expression of the 1.2-and 2.4-kb IL-6 transcripts, and that the effect of Fk was cAMP-mediated. The transient nature of this effect suggests that the IL-6 gene is under stringent regulatory control in thyroid cells. Two independent pathways involving either PKA or EPAC, can be activated in cells by cAMP (De Rooij et al., 1998) . For example, it has recently been reported that EPAC is involved in IL-6 release in response to activation of the β 2 -adrenergic receptor in the RAW murine macrophage cell line (Tan et al., 2007) . In FRTL-5 cells, we demonstrated that EPAC was not implicated in the synergistic effect of cAMP on IL-1 stimulated IL-6 mRNA expression. In contrast, using the selective PKA inhibitor H89, we showed that the cAMP/PKA pathway was involved.
IL-6 gene expression is known to be regulated at the transcriptional or posttranscriptional level, or both (Vanden Berghe, 2000 ; Elias and Lentz, 1990 ; Miyazawa et al, 1998 ; Winzen et al, 1999) . Here, we show that the stability of the two IL-6 mRNA species in FRTL-5 cells was enhanced to a greater extent in the presence of Fk plus IL-1 than by IL-1 alone, although Fk alone exerted a more marked stabilization effect. PEPCK mRNA has been reported to be stabilized by cAMP/PKA in kidney cells (Dhakras et al., 2006) , and TSH has been reported to be involved in stabilizing c-myc mRNA in dog thyroid cells (Pirson et al., 1996) .
However, as far as we are aware, this is the first report of a stabilizing effect of cAMP on IL-6 mRNA.
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The AU-rich elements (AREs) in the 3'-untranslated region (UTR) of some mRNAs contribute to regulation of gene expression by affecting mRNA stability (Shim and Karin, 2002) . The two rat IL-6 mRNA species differ by the length of their 3'nontranslated region (Northemann et al., 1989) , but this is without consequence for the relative stability of these transcripts under the experimental conditions of the present study. It has been shown that the p38 MAPK/MK2 pathway is involved in regulating mRNA stability via AREs in the 3'-UTR of IL-6 mRNA (Mahtani et al., 2001; Neininger et al., 2002) . Although IL-1 activated strongly p38-MAPK phosphorylation in FRTL-5 cells (unpublished data), IL-1 did not stabilize IL-6 mRNA, suggesting that other mechanisms were involved.
In addition to the post-transcriptional mechanism related to IL-6 mRNA stability, we report that IL-6 promoter activity is also involved in the synergistic effect of cAMP on IL-1-stimulated IL-6 expression in FRTL-5 cells. A synergistic effect of cAMP on LPS-or IL-1-stimulated IL-6 promoter activity has been documented in mesangial cells (Grassl et al., 1999) and in Caco-2 cells (Hershko et al., 2002) . In FRTL-5 cells, we show that cAMP exerts its synergistic effect on IL-1-stimulated IL-6 promoter activity by a mechanism involving PKA, in agreement with that regulating IL-6 mRNA expression. Using various promoter constructs containing deleted or mutated transcription factor binding sites, we show that the AP-1 and CRE sites were mainly involved in the synergistic effect of cAMP on IL-1-stimulated IL-6 promoter activity.
We confirmed these data using synthetic reporter gene constructs containing consensus AP-1 binding sites or consensus CRE sites cloned upstream of the luciferase reporter gene. Although the NFB binding site was not involved in the synergistic effect, it was required for the induction of promoter activity by IL-1 or IL-1/FK. These results are different in some respects from those obtained in Caco2 cells, where the binding sites for NF-B, C/EBP, CREB and AP-1 were all involved in this synergistic effect (Hershko et al., 2002) , indicating that the mechanisms differ from one cell type to another. Our electrophoretic mobility shift assays indicated that only the binding of the AP-1 radiolabelled probe to proteins observed in the presence of IL-1 was enhanced by treating the FRTL-5 cells with Fk. No such increase occurred when probes corresponding to the other IL-6 promoter binding sites were used. In other cell types, similar experiments have been performed with varying results. In mesangial cells, cAMP also increased the binding of an AP-1 probe, but it A c c e p t e d M a n u s c r i p t inhibited that of a NF-B probe, and had no effect on that of a C/EBP probe (Grassl et al., 1999) . These authors found that a constitutive DNA-protein complex was formed between mesangial nuclear proteins and a CRE oligonucleotide. We also found a constitutive complex between FRTL-5 nuclear proteins and a CRE oligonucleotide, but in this case, binding did not depend on the stimulation used.
These discrepancies between different cell types suggest that the effects of cAMP on transcription factors regulating the IL-6 gene are cell specific.
To identify the transcription factors responsible for the enhancement of AP-1 oligonucleotide binding by cAMP, we performed supershift experiments. Antibodies against c-Jun, JunB, JunD, Fra-2, c-Fos and FosB decreased the binding of nuclear proteins from Fk/IL-1-treated cells and/or induced a supershift. Therefore, the AP-1 complex in Fk/IL-1-treated FRTL-5 cells could contain all these proteins. However, only the expression of c-Fos and Fra-2 proteins was boosted by treating cells with IL-1 plus FK, a result that could account for the increase in both AP-1 oligonucleotide binding and IL-6 promoter activity. c-Fos mRNA has already been shown to be induced by TSH and cAMP in FRTL-5 (Tramontano et al., 1986 ; Isozaki and Kohn, 1987) and dog (Deleu et al., 1999) thyroid cells. To the best of our knowledge, this is the first report of the induction of c-Fos by IL-1 in thyroid cells, or by cAMP plus IL-1 regardless of the cell type. However, the mechanism of the synergistic effect of FK and IL-1 on c-Fos expression reported in the present work remains to be identified.
Our gene reporter assays suggest that the CRE site of the IL-6 promoter could be involved in the synergistic effect, as has also been suggested for other cell types (Grassl et al., 1999 ; Hershko et al., 2002) . However, CREB/ATF-1 expression was not altered by IL-1 plus FK, and we did not observe any significant synergistic effect on CREB/ATF-1 phosphorylation. We may suggest that CREB/ATF-1, which is constitutively expressed and bound to the CRE site, and which is phosphorylated in response to Fk as well as to IL-1, may play an enhancing role in activating the IL-6 promoter by Fk/IL-1, without being responsible per se for the synergistic effect.
The role of IL-6 has not been fully elucidated in thyroid tissues. IL-6 is a multifunctional cytokine with key roles in promoting B-cell proliferation, and in the differentiation and activation of T-cells (Kishimoto et al., 2006) . This means that IL-6 may exert paracrine effects on immune cells infiltrating the thyroid gland in the course of autoimmune thyroid diseases. These effects could be amplified, due to the synergy between TSH or TSAb (both of which stimulates the cAMP pathway) and IL-1 on IL-6 M a n u s c r i p t 18 production. IL-6 could also exert autocrine effects on thyrocytes themselves. We have observed that IL-6 receptor is expressed in FRTL-5 cells, and that the STAT-3 transcription factor is rapidly phosphorylated in response to IL-6 (unpublished data).
Expression of IL-6 and of IL-6 receptors has been reported to vary in different forms of diseased thyroid tissues. In one study, IL-6 expression was detected by immunohistochemistry in 100% of cases of Graves' disease or Hashimoto thyroiditis (Ruggeri et al., 2002) . Furthermore, the IL-6 receptor is frequently expressed in follicular cells in Graves' disease, suggesting that the IL-6 signalling pathway may be actively involved in this disorder. Conventional papillary thyroid carcinomas, but not follicular or anaplastic thyroid carcinomas, express IL-6, IL-6 receptor, and STAT-3 (Trovato et al., 2003) . Accordingly, it has been recently suggested that the IL-6/STAT-3 signalling pathway can up-regulate Wnt5a expression in a papillary thyroid carcinoma cell line, and that the non-canonical Wnt5a pathway may modulate cell adhesion and motility (McCall et al., 2007) .
In conclusion, the present study has demonstrated that the cAMP/PKA pathway increases the IL-1-dependent production of IL-6 in FRTL-5 thyroid cells by mechanisms involving the stability of IL-6 mRNA, the AP-1 binding site of the IL-6 gene promoter, and c-Fos and Fra-2 transcription factor expression. Elucidating the specific signalling mechanisms by which IL-1 and TSH/cAMP synergistically regulate IL-6 secretion by thyroid cells may provide some insight into the biological mechanisms which modify inflammatory processes in thyroid autoimmune disorders. Cells (2 x 10 6 cells) were treated with 10 µM Fk (), 40 ng/ml IL-1 (), or both (), for the times indicated (h). After the indicated treatment times, the IL-6 concentration in the culture medium was determined by ELISA. Similar results were obtained in three independent experiments. 
